We investigated the genetic diversity, extent of recombination, natural selection, and population divergence of Ralstonia solanacearum samples obtained from sources worldwide. This plant pathogen causes bacterial wilt in many crops and constitutes a serious threat to agricultural production due to its very wide host range and aggressiveness. Five housekeeping genes, dispersed around the chromosome, and three virulence-related genes, located on the megaplasmid, were sequenced from 58 strains belonging to the four major phylogenetic clusters (phylotypes). Whereas genetic variation is high and consistent for all housekeeping loci studied, virulencerelated gene sequences are more diverse. Phylogenetic and statistical analyses suggest that this organism is a highly diverse bacterial species containing four major, deeply separated evolutionary lineages (phylotypes I to IV) and a weaker subdivision of phylotype II into two subgroups. Analysis of molecular variations showed that the geographic isolation and spatial distance have been the significant determinants of genetic variation between phylotypes. R. solanacearum displays high clonality for housekeeping genes in all phylotypes (except phylotype III) and significant levels of recombination for the virulence-related egl and hrpB genes, which are limited mainly to phylotype strains III and IV. Finally, genes essential for species survival are under purifying selection, and those directly involved in pathogenesis might be under diversifying selection.
Ralstonia solanacearum is one of the most destructive bacterial pathogens, able to cause disease on at least 200 different plant species (20) . It affects a wide range of plants worldwide, including herbaceous plants, shrubs, and trees. Furthermore, R. solanacearum represents a major concern, given that it can seriously affect the production of ornamental plants and valuable crops such as tomato, potato, banana, peanut, eggplant, and others (19, 67) . This gram-negative bacterium typically inhabits subtropical and tropical regions and recently has spread to the temperate regions of Europe (13) .
R. solanacearum is a species complex composed of many genetic groups, some of which can be subdivided into clonal lines (14) . Ralstonia syzygii and blood disease bacteria (BDB) belong to this species complex (7, 59) . Attempts to organize the diverse genetic groups of R. solanacearum resulted in race classification based on host range (2) . A phenotype-based structure also divides this population into biovars according to the ability of strains to use various sugar and alcohol carbohydrates (19, 21) . Both classifications lack an exact concordance with the genetic background of the complex members. Recently, Fegan and Prior (7) analyzed the 16S-to-23S internal transcribed spacer region and mutS, hrpB, and egl gene sequences, together with amplified fragment length polymorphism/restriction fragment length polymorphism typing data (47, 48) and the 16S rRNA gene sequence (59) to develop a phylogeny-based scheme. This hierarchical classification is partitioned into four phylotypes (genetic groups), each of which is further subdivided into smaller groups named sequevars. Each phylotype reflects the geographic origin of strains: phylotype I and II are composed of Asian and American strains, respectively, whereas phylotype III members are African, and phylotype IV isolates, including R. syzygii and BDB, are from Indonesia, Japan, and Australia (7, 49) .
The wide diversity of R. solanacearum is reflected in the bacterium's considerable variability in host range, aggressiveness (24) , and the adaptation to different climates that is often influenced by host genotype, natural habitat, and agricultural practices (20) . The fraction of phylotype II commonly known as race 3/biovar 2 (R3B2) infects tomato and common solanaceous weeds and causes brown rot, a serious disease of potato. This group is adapted to lower temperatures than other races; therefore, it constitutes a serious treat to agricultural production in temperate regions of the world (67) .
R. solanacearum is organized into two large circular replicons called the chromosome (the larger replicon) and the megaplasmid (53) . Both replicons contain essential and pathogenicity genes, the same dinucleotide relative abundances and codon usage, and similar distribution and composition of simple sequence repeats (4, 53) . Thus, the two replicons in this bacterium have likely coevolved over a long time span. However, the evolutionary driving mechanism that shapes the chromosome and megaplasmid of R. solanacearum is still unclear.
The interaction between R. solanacearum and its plant hosts is strongly influenced by the ecological niche, the evolution of the bacterial genetic components, and the corresponding plant R proteins that might detect its presence on the host. Knowledge about the evolutionary driving forces acting upon this pathogen and its population structure can be tracked by focusing on housekeeping genes, which are less subject to horizontal gene transfer. However, high levels of discrimination can be achieved by combining analysis of housekeeping genes with that of more variable genes like those involved in virulence (42) . Housekeeping genes, which represent the so-called "core genome" and typically encode proteins essential for the organ-ism's survival, are present in all strains of a bacterial species and usually evolve slowly. Selective pressures that affect housekeeping genes reflect the selection forces working on the core genome. Conversely, the "flexible" or "accessory" genome contains genes that differ among strains, are dispensable, and usually improve bacterial fitness. The flexible genome includes genes associated with virulence, antibiotic resistance, and mobile elements (54) . Genes of both genomes may experience different levels of selection depending mainly on the final function of the gene product.
Bacterial populations can be subject to different selective pressures that give distinct patterns of genetic diversity at the locus being examined. Diversifying (called also balancing) selection generates multiple alleles, some of which are retained over a long time period in the population, and the levels of polymorphism are appreciable. On the other hand, in the selective sweep mechanism (directional selection), an adaptive mutation that occurs in the target locus is preferentially fixed in the population as a result of positive selection, decreasing the number of alleles and the genetic diversity (50, 65) . Purifying or stabilizing selection reduces the frequency of deleterious alleles (lower fitness) until they are eliminated from the population. Recombination could shape diversifying as well as directional selection and can provide high levels of variation even though selection is acting on an adaptive allele (9, 11) . Geographic distance could also influence the genetic variation and structure of a population when spatially limited gene flow decreases the genetic similarity among populations and induces population divergence (41, 51) .
In this study, we examined the evolutionary forces operating on R. solanacearum populations by analyzing sequences of representative genes from the core and flexible genomes, using samples obtained from worldwide sources. We were particularly interested in estimating the extent of recombination, selection, and geographic isolation that influenced this organism. We used multilocus sequence typing (MLST) (30) to analyze five housekeeping and three virulence-related genes. This approach uses sequences of internal gene fragments and assigns different allele numbers to the sequence at each locus, providing unique allelic profiles. We found R. solanacearum to be a diverse microorganism, showing high levels of nucleotide polymorphism and a number of unique alleles in the chromosome and in the megaplasmid. The core genome is essentially clonal (except in phylotype III) and is subject to purifying selection. On the other hand, virulence-related genes have two evolutionary profiles: hrpB and fliC behave like essential genes, whereas egl is undergoing diversifying selection together with high recombination mainly in phylotypes III and IV. We also found genetic evidence for the divergence of each phylotype due to geographic isolation, in which the spatial distance has had a key role. Finally, the population may have diverged a long time ago, as judged by the amount of fixed polymorphisms observed among phylotypes and by the relative abundance of single-locus and double-loci variants in the groups of clonal complexes.
MATERIALS AND METHODS
Sample collection and growth conditions. Bolivian R. solanacearum samples were collected from wilted potato plants and diseased tubers harvested from naturally infested fields. A milk-like fluid was extracted and diluted in sterile distilled water. Bacterial suspensions were plated on Kelman medium (27) supplemented with 2,3,5-triphenyl tetrazolium chloride (50 g⅐ml Ϫ1 ) and incubated for 48 h at 28°C. To identify each colony, we used a PCR-based approach that specifically detects the fliC gene (flagellin) of R. solanacearum (55) . PCR was carried out in a total volume of 20 l containing ExTaq DNA polymerase (Takara Bio Inc., Shiga, Japan), buffer, DNA template, the primer pair Rsol_fliC (55), bovine serum albumin (New England Biolabs, Ipswich, MA), and a mixture of deoxynucleotides. The genomic DNA template was extracted in Bolivia according to the hexadecyltrimethyl ammonium bromide method (68) . Amplification conditions were 94°C (1 min) for denaturation and 63°C (1 min) and 72°C (1 min) for annealing and extension, respectively. A preceding denaturation step and a final extension step were carried out at 94°C and 72°C for 5 min each.
We used genomic DNA from 58 different strains, including that from the Bolivian samples and the DNA donated by members of the scientific community ( Table 1) . We included in our analysis Ralstonia solanacearum complex members BDB and R. syzygii (59) . One strain of Ralstonia mannitolilytica (LMG6866 T ) was used as an outgroup, since this species is the closest relative of R. solanacearum and R. syzygii (63) .
Phylotype determination. Multiplex PCR was performed as described previously (7) (Table 2) were also used as sequencing primers. Some genes required additional internal primers for sequencing. Primer design was carried out based on alignments of coding sequences of R. solanacearum GMI1000 (NCBI accession numbers NC_003295 and NC_003296) and close bacterial relatives, starting with the most conserved regions.
PCR amplification was carried out in a model PTC-100 thermocycler (MJ Research, Bio-Rad Laboratories, Inc., Hercules, CA) using ExTaq DNA polymerase, an enzyme with proofreading activity, and Q reagent (QIAGEN, Valencia, CA) to help the amplification of the GC-rich R. solanacearum DNA. Deoxyucleotide and primer concentrations were 350 nM each and 0.8 M, respectively. Thirty cycles of amplification were performed with a denaturation temperature of 96°C for 5 min, the appropriate annealing temperature (Table 2) , and an extension at 72°C for 1 to 1.5 min. All PCR products were cleaned with QIAquick PCR purification columns (QIAGEN) prior to sequencing.
DNA sequencing was performed in Applied Biosystems 3130 or 3730XL sequencers using forward and reverse primers. Raw sequences from both strands were assembled with Sequencher 4.1.2 (GeneCodes Corp., Ann Arbor, MI). Sequences were edited with BioEdit 7.0.5.1 (16) and aligned using Clustal W (62) . All ambiguous and terminal sequences were trimmed before data analysis. Inconsistencies were solved by resequencing. We were not able to amplify the fliC gene from strains BR113, UW445, UW446, UW344, and LMG6866. As a control, we tried to amplify the fliD gene that encodes the flagellar cap (23), using two different sets of primers from the same strains without success. This finding suggests that these strains do not have flagella, consistent with the observation that some strains of R. solanacearum (3) and R. mannitolilytica (5) are nonmotile. We found a six-base deletion in some egl sequences belonging mainly to phylotype I. We could not amplify the egl gene from R. mannitolilytica, since this species is a human pathogen that lacks the gene.
Data analysis. Each gene was analyzed independently as well as collectively. From two concatenated sequence sets we created one set corresponding to the chromosome and a second set corresponding to the megaplasmid. In addition, we created a third concatenated sequence using the chromosome and megaplasmid sequences that we named sequence "CϩM." We differentiated each sequence type (ST) using the NRDB program, available at www.mlst.net. STs were grouped into clonal complexes using the eBURST program (10) .
We retrieved sequences of R. solanacearum egl and hrpB genes (56 sequences each) from the GenBank database. These sequences were added to those obtained from this work to achieve a pool of 114 sequences for each gene. The new sequence groups were designated egl-114 and hrpB-114 (for a list of GenBank accession numbers see reference 64).
The data analysis was started by assessing models of nucleotide substitution using the maximum likelihood (ML) approach as implemented in the Modeltest 3.7 (44) program. First, neighbor-joining (NJ) trees were obtained using PAUP* 4.0b10 (58) to get initial likelihood scores, and then the best-fit nucleotide substitution model was selected for a set of aligned sequences. Model selection was conducted on the basis of hierarchical likelihood ratio tests (hLRT) instead of the Akaike or Bayesian information criterion (45) . Phylogenetic trees for each sequence fragment or for concatenated data were inferred using the NJ, parsi- (28) . Heuristic search methods using the tree bisection reconnection branch-swapping algorithm, with the random addition of taxa and 10 replicates, were applied to create ML trees. The Tamura-Nei model with gamma correction and 1,000 bootstrapping replicates were used to generate NJ trees. ML trees were visualized with TreeView 1.6.6 (40). The RDP 2.0 (33) program was used to detect recombination. This package compiles tools for performing a comparable search for recombination evidence from sequence alignments. We estimated the population recombination rate using the RDP, MaxChi, Chimaera, and GENECONV methods. The analysis options of the RDP program were adjusted to the following general settings: sequences were considered linear, the P value cutoff was set to 0.05, the Bonferroni correction was applied, consensus daughter sequences were found, breakpoints were polished, and only recombination events detected by at least two programs were listed. Each program was run on a single gene alignment using different window sizes (i.e., 10, 20, 30, or 40) depending on the number of variable sites. Specific settings for each program were as follows. For the RDP method, no reference sequence was selected and the percentage of identity between recombinant sequences was set from 0 to 100. MaxChi was adjusted to include gaps and generate 1,000 permutations. For Chimaera, 1,000 permutations were performed; and for GENECONV, we scanned sequence triplets, treating each indel as a polymorphism and setting the g scale to 1.
The "standardized" index of association, I A s , was estimated using LIAN 3.5 (17, 18), a Web tool available at the MLST site http://pubmlst.org. P values, calculated using the parametric method, were used to discriminate the significance of I A s . The homoplasy ratio (H) was carried out with START 1.0.5 (25) , adjusting the homoplasy settings to 1.00 ϫ the number of sites. The START 1.0.5 (25) package was also used to calculate nonsynonymous (N) to synonymous (S) rate (d N /d S ) ratios, loading data of allelic profiles and allele sequences at the same time. This program uses the Nei and Gojobori method for the estimation of synonymous and nonsynonymous substitutions. Tajima's D, genetic diversity, and subpopulation divergence estimations were computed with DnaSP 4.10 (52).
Spatial patterns of isolation by distance were calculated using the Mantel test as implemented in Arlequin 3.01 (6) . Nucleotide sequence accession numbers. Sequence data from this article have been deposited in the GenBank data library under accession numbers DQ657359 to DQ657824.
RESULTS
Sequence analysis and DNA polymorphism. About 480 sequences were generated from different strains that represent the four R. solanacearum phylotypes proposed by Fegan and Prior (7) that include a variety of races and biovars ( Table 1) . The selected genes (five housekeeping genes and three genes involved with virulence) were distributed as much as possible across both replicons, as shown in Fig. 1 . Only a single copy of each gene studied in this work was found in the genome of R. solanacearum strain GMI1000 (53) and that of strain UW551 (12) . The selection of these genes was based on their use in an MLST scheme of other bacterial species and the availability of some sequence data from the virulence-related egl and hrpB genes in databases. The virulence-related genes are implicated directly (egl) or indirectly (hrpB and fliC) in disease-causing processes. The egl gene encodes an endoglucanase that likely acts at the front line of host invasion by partially degrading host cell walls (29) . hrpB encodes an araC (1-␤-D-arabinofuranosylcytosine) type transcriptional regulatory protein that governs multiple virulence pathways (38) . Flagellin, encoded by the fliC gene, is the essential subunit of the flagellar filament that is needed for invasive virulence (61) . In R. solanacearum, flagellin is not a major elicitor of host defenses (43) .
We found similar levels of genetic variation among the 58 R. solanacearum isolates for all housekeeping genes studied (Table 3, polymorphic sites and nucleotide diversity []), except for ppsA, which showed greater genetic variation than the others. The genetic variation was consistent for all chromosomal loci studied, with a mean number of 77.4 polymorphic sites (a mean percentage of 10.74), suggesting that the rates of evolution are similar except for the ppsA gene. There was a high level of genetic variation for chromosomal concatenated data: 387 polymorphic sites in 3,558 bp of sequence and a value for synonymous sites equal to 9.012% (calculated with the Jukes-Cantor correction). The genetic variation in the megaplasmid was amply influenced by two genes (egl and hrpB) that exhibited higher genetic variation than fliC. The number of polymorphic sites for concatenated data for the megaplasmid sequences was 113 of 1,497 bp with a value for synonymous sites of 14.3%. Thus, the megaplasmid showed greater diversity than the chromosome.
Phylogenetic reconstruction. ML, MP, and NJ phylogenetic trees were constructed using single sequences of each locus and concatenated data (chromosome, megaplasmid, and "CϩM" sequences). The best-fit nucleotide substitution model used to infer ML trees varied according to each locus, but the majority of them fit in the GTRϩIϩ⌫ (general time-reversible with invariant sites and a gamma rate distribution) or HKYϩIϩ⌫ (Hasegawa, Kishino, Yano with invariant sites and a gamma rate distribution) models. hLRT was used to select the best model, although in most cases, hLRT and the Akaike information criterion found the same models. We validated our sample size used in the phylogenetic reconstruction of R. solanacearum genes by comparing egl and hrpB trees generated using sequences obtained in this work against trees inferred using sequences retrieved from databases (egl-114 and hrpB-114). Trees constructed with both sets of sequences are in good agreement (e.g., egl-114 [ Fig. 2C]) .
Trees constructed using different methods showed a similar branching pattern. We clearly distinguished four phylogenetic clusters in the R. solanacearum population (Fig. 2) . Phylotype I comprises mainly strains of race 1/biovar 3 samples from Asia. Phylotype II contains primarily strains from America and around the world. Trees inferred in this work showed a further division in phylotype II, which was separated into two subgroups: the first one (referred to as IIa, see Fig. 2 ). The fourth phylotype was also a very diverse cluster, composed of isolates from Indonesia, belonging to races 1, 2, and 3 and biovars 1, 2, and 2T. MLST scheme. We used the MLST scheme to assign different allele numbers to the sequence at each locus, getting unique allelic profiles, called STs. The R. solanacearum population has a number of STs that varies from 18 to 24 among housekeeping loci and from 18 to 25 among virulence-related loci. The total numbers of STs of the chromosome and the megaplasmid concatenated data are 35 in both cases and 41 for "CϩM" data.
We used the eBURST program to define clonal complexes of related isolates derived from a common ancestor. This program assigned five clonal complexes to the R. solanacearum chromosome, where a clonal complex was defined as groups of STs that shared alleles at four out of the five housekeeping loci with at least one other member of the complex. For the megaplasmid, we also found five clonal complexes (two out of three loci) that concur with those from the chromosome. Clonal complexes using chromosome data are arranged in the following way: clonal complex 1 sorts STs represented by strains GMI1000 and UW505 (phylotype I); clonal complex 2 is represented by strains UW551, UW72, BS048, BR113, UW224, UW334, and PD441 (phylotype IIa); clonal complex 3 is represented by strains UW51, MAFF301556, and BR629 (phylotype I); clonal complex 4 is represented by strains UW298 and UW363 (phylotype I); and clonal complex 5 is represented by strains UW445 and UW446 (phylotype IV). No clonal complex was detected in phylotype III, whereas an appreciable number of singletons were found. eBURST did not find a clear common ancestor in clonal complexes 1, 4, and 5, perhaps due to the small number of isolates. However, clonal complexes 2 and 3 each contained common ancestors (UW551 and UW51, respectively) and a number of single-locus variants (SLVs, i.e., differing from the ancestral genotype at one locus) and double-locus variants (DLVs, i.e., differing from the ancestral genotype at two loci), suggesting that they are moderately old complexes. The abundance of SLVs and DLVs reflects the relative age of clonal complexes (57) . Clonal complex 2 is one of the largest and most well-defined clonal groups that encompasses members of R3B2, sharing identical sequences.
Selection. We used a series of tests to identify the selective pressures working on housekeeping and virulence-related genes of R. solanacearum. This suggests that diversifying selection is determining the evolution of the egl gene (Table 3) .
We also performed the Tajima D test (60), a statistic that estimates whether the number of segregating/polymorphic sites and the average number of nucleotide differences are correlated. If the value of D is too large or too small, the neutral "null" hypothesis is rejected. Thus, D is negative for selective sweep and population growth and positive for diversifying selection. No loci showed significant deviation from neutral evolution for either individual housekeeping or virulence-related genes (Table 3) . Additionally, we analyzed each phylotype using concatenated sequence data for the chromosome and, separately, for the megaplasmid. No sequence from any phylotype revealed significant deviation from the neutral model for chromosomal or megaplasmid data with one exception: phylotype I of megaplasmid concatenated data acquired a positive value with low significance (P Ͻ 0.1). This indicates that the nucleotide diversity is more dependent on alleles with higher frequencies, a signature of diversifying selection. We also calculated the Tajima D for each gene of each phylotype. The data set of egl-114 sequences obtained exclusively from phylotype I and IV strains showed a weak positive value for D (1.26 and 1.84; P Ͻ 0.1; respectively). In contrast, strains of phylotype I might be constrained by a selective sweep at the hrpB locus, since we found a significant negative value (Ϫ2.105; P Ͻ 0.05) for D upon analysis of hrpB-114 sequences. The rest of the other loci showed no significant values for Tajima's D for every phylotype analyzed.
Recombination. To test the possible role of homologous recombination in the R. solanacearum population, we assessed the levels of linkage disequilibrium in our worldwide samples. If the alleles of different loci are under linkage equilibrium, high rates of recombination are operating in the population. The index of association (37) measures the extent of linkage. In our analysis, we used the "standardized" I A (I A s [18] ) to test the statistical independence of alleles at all loci. The statistic I A s is equal to zero when the population is experiencing free recombination, whereas a population significantly different from zero is considered to be clonal (linkage disequilibrium). We calculated the I A s value using the allelic profile (grouped STs) of chromosome and "CϩM" concatenated data. We also compared the "simulate critical values" L MC (Monte Carlo) ( Once a potentially recombinant region has been detected, the method determines which of the three sequences is the recombinant and which are the "parentals." The RDP method did not find significant evidence for recombination in the data analyzed, suggesting that this population is highly clonal ( Table 5 ). The homoplasy test (36) is useful for detecting recombination in sequences of closely related organisms that differ only by 1 to 5% of nucleotides, whereas GENECONV (39), MaxChi, and Chimaera (34, 46) are useful for sequences that might be more diverse. The homoplasy test compares the observed numbers of homoplasy in a maximum-parsimony tree of the sequences with the number expected in the absence of recombination. The homoplasy ratio, H, is an indicator of the frequency of recombination. H values vary from 0 (clonal) to 1.0 (complete linkage equilibrium, indicating free recombination). The homoplasy test had a sufficient number of informative sites from which to give interpretable results with seven out of the eight loci studied. The H ratio for all loci was low, except for fliC, indicating that these loci are close to being clonal (Table 5 ). Some loci showed negative H ratio values due to the estimation of expected numbers of homoplasy if being clonal is slightly superior to the true homoplasy, affected in its turn by a possible misestimation of the effective number of sites.
The MaxChi and Chimaera functions are based on the maximum chi-square method for detecting recombination breakpoints using a sliding window. GENECONV recognizes distinct recombination breakpoints in sequence alignments by searching for unusually long fragments that are identical or nearly identical in pairs of aligned sequences. Table 5 summarizes the results from the single data sets given by these three tests. We used different window sizes with concordant results within each test; however, results given by the three recombination detection programs were only partially concordant. In a previous evaluation of their performance using simulated and empirical data, Posada and Crandall (46) found MaxChi to be the most powerful test, followed by Chimaera and GE-NECONV. Thus, we principally utilized the information on recombination inferred by MaxChi and Chimaera. Housekeeping genes showed no evidence of recombination. In contrast, two out of three virulence-related genes (egl and hrpB) appeared to have undergone significant levels of recombination. The most remarkable finding was that recombination events were not distributed homogeneously in the population but mainly in phylotypes III and IV. Thus, RPD programs helped to infer which strains have been participating in the recombination process, including the parent (donor) and the daughter strains. For egl, strains that belong to phylotype III (NCPPB332, CFBP734, NCPPB1018, NCPPB283, JT525, UW34, JT528, and UW386) and IV (WP20, S444E, and UW519) have been participating in recombination events. Similarly, phylotype IV strains that showed evidence of recombination in the hrpB gene were UW445, UW446, WP20, 28MF, 27MF, R780, R230, R142, T520, T633, and R780. Divergence between populations and isolation by distance. R. solanacearum classification based on phylogeny may reflect the geographical basis for each group (7) . To test this, we applied statistical tests to R. solanacearum subpopulations under the null hypothesis that they are not genetically different but come from the same geographic origin. We measured the nucleotide diversity within each subpopulation (the value) and between populations (Dxy value). As expected, the mean divergence between groups (Dxy) in all cases was higher than the mean divergence within subpopulations (Table 6) , which agrees well with phylogenetic inference. The mean divergence value between subpopulations (Dxy ϭ 0.056) was lower than that between R. solanacearum and R. mannitolilytica (Dxy ϭ 0.120). is the best test, whereas, if H T is above the critical value, K S * is usually best (22) . In our situation, the critical value for the megaplasmid locus egl and hrpB locus appears to be ϳ0.97, whereas for chromosomal loci, it is ϳ0.91. Table 6 shows comparisons of some phylotypes. The statistical tests suggest that housekeeping and virulence-related gene sequences from different phylotypes have evolved with significant geographic isolation (P Ͻ 0.01 and P Ͻ 0.001 for 2 and K S * test statistics, respectively) and have undergone a high level of genetic differentiation (average level of gene flow [F ST ] ϭ 0.7). Surprisingly, phylotype II also showed genetic differentiation in two subpopulations (i.e., IIa and IIb) for both egl and hrpB, as well as for housekeeping genes. These results suggest that each phylotype of the R. solanacearum population is genetically different and has evolved in geographic isolation. This conclusion is highly robust considering that the power of the K S * test is substantial with a sample size of Ն50 and with genes that are experiencing recombination (22) , as occurs in our case (i.e., egl and hrpB).
We sought evidence to determine if spatial distance between groups was a critical factor in generating the geographically independent evolution of each phylotype. The genetic similarity between populations decreases exponentially as the geographic distance between them increases, because of the limiting effect of geographic distance on rates of gene flow (51) . We used the Mantel test to assess the correlation between genetic differentiation and geographic distance, comparing the F ST values of the four phylotypes. After running 1,000 permutations, the Mantel test revealed a highly significant association between geographic and genetic distances for both housekeeping (r ϭ 0.988; P ϭ 0.042) and virulence-related (hrpB-114, r ϭ 0.837, P ϭ 0.072; and egl-114, r ϭ 0.921, P ϭ 0.085) genes. This indicates that spatial distance explains the observed level of genetic and geographic structuring in the R. solanacearum population.
Analyses of fixed polymorphisms (the number of sites at which all of the sequences in one sample are different from all of the sequences in a second sample) and of shared polymorphisms are useful for inferring times of population divergence (26) . The distribution of these polymorphisms in our R. solanacearum population was different for chromosomal and hrpB loci compared to those of egl ( Table 6 ). The number of fixed differences among major clusters (phylotype I versus II, II versus III, and II versus IV) was higher than shared polymorphisms (varying from 26 to 60 for chromosome loci and from 12 to 35 for hrpB). This suggests a medium to long time period of separation from the common ancestor. In the case of phylotype II, comparisons within the subgroup (IIa versus IIb) showed a lower number of fixed polymorphisms, indicating that these subpopulations could be younger than the main clusters. In contrast, almost all comparisons among phylotypes in the egl locus showed a lower number of fixed differences. This suggests that either the subpopulations diverged very recently or that recombination between subpopulations had hidden population differentiation. Considering that the egl gene is experiencing higher levels of recombination, the last explanation seems the most appropriate.
DISCUSSION
We sequenced internal fragments of five housekeeping and three virulence-related genes for 58 R. solanacearum isolates representing a worldwide sample. Phylogenetic and statistical analyses showed that this organism (i) is a highly diverse bacterial species that contains four major, deeply separated evo- Our phylogenetic analysis allowed the generation of trees that agreed with those inferred by Fegan and Prior (7, 49) . All of our trees showed four separate phylogenetic clusters as well as a subdivision of the phylotype II into two subpopulations (IIa and IIb); however, this subdivision may also depend on the gene used to infer the phylogeny. Phylotype II subgroups showed a lower number of fixed polymorphisms than main clusters, suggesting that they split recently and only group IIa is arranged in clonal complexes in contrast to group IIb.
Phylogenetic inference and statistical tests applied to find evidence for population subdivision suggest that each phylotype is genetically different and this variation resulted from a diverging evolution. Values similar to those of the R. solanacearum average nucleotide divergence (Dxy) were obtained among two clades of Pseudomonas viridiflava (15) and three P. syringae pathovars (54) . The R. solanacearum population divergence is explained by geographically restricted gene flow, where the geographic isolation has played a crucial role. Usually, it is uncommon that geographic isolation could shape the population structure of bacteria, since population isolation events in nature have rarely been observed (41) . However, the data assessed in this work suggest that the physical isolation and spatial distance have been the significant and primary determinants of genetic variation between phylotypes, which co-occurred together with other evolutionary forces to structure the genetic variation of the R. solanacearum population.
It is difficult to state when the divergence of R. solanacearum phylotypes from their ancestor occurred, but the remarkable accumulation of fixed polymorphisms, the occurrence of SLV and DLV, and the restriction of gene flow indicate that R. solanacearum is an ancient pathogen. Furthermore, genome analysis suggests that the chromosome and megaplasmid coevolved long enough ago for the megaplasmid to acquire several duplications of housekeeping genes and a few RNAs and for the base composition (GC content, 65 to 67%) of both replicons to become homogenized (13) .
The genetic diversity of R. solanacearum is striking. The substantial pathogenic variability in host range and aggressiveness and the ample adaptation to diverse ecological niches, together with genetic estimations like the number of alleles per loci, the nucleotide diversity, and the abundance of singletons indicate that R. solanacearum is a bacterium that is significantly diverse. We would expect high levels of recombination acting on this organism, since recombination is one of the most important cellular processes that increase the genetic variability in bacterial genomes (56) . However, data analyzed in this work demonstrate that R. solanacearum is essentially clonal. How is it possible to see such diversity within a clonal population? We can consider some explanations for such patterns that seem mutually incompatible. This organism has evolved in geographical isolation, and it can occupy different niches, suggesting the possibility of a notable geographical structure. Frequent recombination could have taken place within each geographically isolated subpopulation, between which gene flow is limited (35) . For instance, we saw higher recombination within phylotype III and IV strains for egl and hrpB loci, respectively, but there was no evidence that these two genes are recombining with their counterparts from other phylotypes. An alternative or perhaps complementary scenario could be that subpopulations have been composed of a large number of relatively rare genotypes that are recombining at high frequency. These highly recombinant entities would be the "founding genotypes" for the whole population. Some genotypes that have acquired selective advantages have arisen from the founding genotypes as clones (very closely related genotypes). After emerging, the clonal complexes could be subject to strong selective pressures or to repeated bouts of periodic selection and usually compete against preexisting subpopulations to occupy the same geographical niche (8) . According to our results, phylotypes III and IV are the most diverse groups, suggesting that they could be the founding genotypes or preceding groups. Phylotype III has no clonal complexes but instead is composed of many singletons. It has been geographically restricted mainly to Africa and may have evolved a long time ago. Additionally, some of its genes are experiencing high levels of recombination and positive selection. Conversely, phylotypes I and II are arranged in clonal complexes and have spread successfully worldwide. This may be due to the cold tolerance of R3B2 strains (phylotype IIa). In fact, currently there are some reports about the emergence of new strains that may eventually overrun the former population of R. solanacearum (strains from phylotype II in Martinique [66] , race 1 in Egypt [1] , and biovar 2 in Peru [31] ).
The finding that R. solanacearum is an essentially clonal organism agrees with current knowledge about the genome and biology of this bacterium. The genome of R. solanacearum contains regions of close similarity interspersed with divergent regions (a mosaic structure). This structure is evidenced by regions with different GC content disseminated over the two replicons and often associated with mobile genetic elements (insertion sequences and bacteriophage [53] ). Thus, these regions have arisen through lateral gene transfer. The mosaic structure is possible to detect only if recombination events have not been frequent enough to mix the different gene sequences within the population, obscuring the signal of GCbiases in the sequence (35) .
Usually, genes encoding vital metabolic enzymes are subject to strong levels of purifying selection, while other gene loci that may elicit host resistance response are under diversifying selection (11) . We found this phenomenon in our data. Our data suggest that the housekeeping genes fliC and hrpB have been subjected to purifying selective pressures in all phylotypes. The high degree of clonality we observed in some groups may be indicative of a recent population selective sweep or bottleneck. Similarly, purifying pressures have constrained egl in most phylotypes but not in all: this locus is under diversifying selection in phylotypes I and IV. Since the egl gene product, a plant cell wall-degrading exported enzyme, is directly involved in pathogenesis (29) , diversifying selection may help to accelerate the accumulation of new divergent alleles to evade the host surveillance system. Successful alleles may then be fixed in the population by a positive selection mechanism.
